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which then assemble into the functional protein. Thus, it is suggested that the helices act comparably to doSanta Barbara, California 93117 mains in soluble proteins. Together with their connecting loops, the helices then assume a free energy minimum by the characteristic tertiary structure. Force spectrosSummary copy data generated by mechanical unfolding of membrane proteins suggest that pairwise association of The folding and stability of transmembrane proteins is transmembrane helices drives them into a conformation a fundamental and unsolved biological problem. Here, of comparable stability to single transmembrane helices single bacteriorhodopsin molecules were mechani-(A. Kedrov, submitted; Mü ller et al., 2002). This experically unfolded from native purple membranes using mental finding is in agreement with the model given two atomic force microscopy and force spectroscopy. The decades ago that pairwise association builds a common energy landscape of individual transmembrane ␣ helistructural motif in membrane protein folding and secreces and polypeptide loops was mapped by monitoring
tion (Engelman and Steitz, 1981). the pulling speed dependence of the unfolding forces
The stability or resistance to unfolding of proteins is and applying Monte Carlo simulations. Single helices usually investigated by thermal or chemical denaturation formed independently stable units stabilized by a sinin ensemble measurements. However, such bulk experigle potential barrier. Mechanical unfolding of the helimental methods only probe the average behavior of ces was triggered by 3.9-7.7 Å extension, while natural a large number of molecules and thus cannot resolve unfolding rates were of the order of 10 Ϫ3 s Ϫ1 . Besides simultaneously occurring multiple (un)folding pathways acting as individually stable units, helices associated and nonaccumulative intermediate folding states. Perpairwise, establishing a collective potential barrier.
ceptions of protein (un)folding such as described by The unfolding pathways of individual proteins reflect multidimensional landscapes or folding funnels can be distinct pulling speed-dependent unfolding routes in seen as a result of the complexity of inter-and intramotheir energy landscapes. These observations support lecular interactions (Radford, 2000) . Different (un)folding the two-stage model of membrane protein folding in pathways may be populated in a manner dependent which ␣ helices insert into the membrane as stable on small alterations of the physiological environment units and then assemble into the functional protein.
requiring novel investigative approaches (other than ensemble measurements) to observe coexisting minor and Introduction major pathways. Experiments using the atomic force microscope (AFM) Biological membranes are essential to all living organ-(Binnig et al., 1986) and similarly other force probe methisms, as they provide selective permeability barriers ods (Leckband and Israelachvili, 2001 ) provide novel and environments for a multitude of functional protechniques to reveal detailed insights into the molecular cesses such as signal transduction, molecular transport, interactions determining the (un)folding of proteins. In cell-to-cell communication, and cell adhesion (Lodish these experiments, an external force applied to single et al., 1999). Most functions of cellular membranes are proteins leads to sequential unfolding of their threecarried out by integral membrane proteins which are dimensional structure. Using this method in an assay therefore of fundamental biological interest and form will allow the screening of physiologically relevant pamajor targets for drug development. However, the rameters such as pH, electrolyte concentration, tempersteadily increasing number of known gene sequences ature, and other factors that modulate inter-and intracoding for membrane proteins contrasts sharply with molecular interactions of the protein. recently assigned the peaks in the force spectra to the of the potential barrier and the natural unfolding rate used in these simulations are summarized in Table 1 ing from 3.9 to 7.7 Å and for pairwise unfolding of transrecently suggested model in which transmembrane helices unfold within the membrane rather than being first membrane helices 3.2 and 8.6 Å ( Table 1) .
displaced from the hydrophobic membrane core (Janovjak et al.
, 2003). Molecular dynamics simulations will Extraction or Unfolding of Transmembrane Helices? provide further insights into the details of the unfolding process including the exact sequence of events associWhen extracting a biotinylated C18-lipid from stearoyloleoyl phosphatidylcholine (SOPC) bilayers, Evans and ated with the unzipping of individual helices. Complementary information about the interactions that stabilize Ludwig found that two potential barriers had to be crossed at 7 and 12 Å respectively (Evans and Ludwig, single BRs can then also be obtained from the study of protein fragments (Hunt et al., 1997; Marti, 1998). 2000). In agreement with the idea that lipid molecules are simply extracted from the membrane without a large degree of conformational change and consistent with
Stability of Individual Secondary Structure Elements the concept of hydrophobic interaction, the outer barrier is of comparable magnitude to half the bilayer mem-
The MC simulations performed allow determination of the natural (zero applied force) transitions rate over the brane and the inner barrier correlates to the position of the unsaturated bond in the oleoyl chain (Evans and potential barriers. We found spontaneous unfolding rates in the range from 1.5 ϫ 10 Ϫ6 to 1.7 ϫ 10 Ϫ2 s Ϫ1 for Ludwig, 2000). As one would expect, the position of the transition state during unfolding of a transmembrane single transmembrane helices and 3.4 ϫ 10 Ϫ5 to 1.0 ϫ 10 Ϫ2 s Ϫ1 for pairs of helices (Table 1) Individual BR molecules exhibited distinct probabilities to follow different unfolding pathways when unfolded by mechanically pulling on the C terminus. Although single helices were sufficiently stable to unfold in individual steps (dashed lines), they exhibited a certain probability to unfold pairwise (solid lines). We found that changing the pulling speed affected these unfolding probabilities. As a result, the probability of unfolding single secondary structure elements increased with the pulling speed. This suggests that in the absence of a pulling force (smallest pulling speeds) two transmembrane helices would preferentially show a pairwise behavior (Figure 6 ).
Unfolding Pathways of Individual BRs
It was previously shown that individual BR molecules follow well-defined unfolding pathways (Mü ller et al.,  2002) . These pathways differ as to whether secondary structure elements unfold individually or as grouped structures as observed for pairwise unfolding of transmembrane helices. Each of these pathways exhibits a distinct probability to be chosen. These probabilities can be altered by varying the physiological environment as well as by structural modifications of the protein (Janovjak et al., 2003; Mü ller et al., 2002) . However, it could not be answered unambiguously whether changes in the probabilities to follow certain 
